This letter reports the time dependence of the surface Fermi level of GaAs grown by molecular-beam epitaxy and then exposed to atmosphere. The sheet resistance of sample structures for field effect transistors alternately increased, decreased, increased, and decreased to become nearly constant after about 500 h. These changes correspond to the surface Fermi level varying between 0.3 and 0.7 eV and finally settling 0.7 eV above the valence band maximum. Comparison between annealed and unannealed samples with low-temperature-grown GaAs layers showed that the pinning of the surface Fermi level at 0.7 eV above the valence band maximum is caused by arsenic antisite defects. The result supports the advanced unified defect model.
The surface Fermi level (Ef,) of GaAs is pinned at specific energy levels in the band gap. For n-type GaAs the pinning level is 0.75 eV above the valence band maximum (Evbm), and for p-type GaAs it is 0.5 eV above Eubm .I Although there are many reports on GaAs surface oxidation," -7 there have been few studies of the way in which the surface Fermi level changes during the oxidation processes. Studying these oxidation processes under carefully controlled conditions, Landgren et aL2 have shown how oxygen exposure changes the surface Fermi level of newly cleaved GaAs (110). They found that the Efs for n-type GaAs exposed to oxygen changed nonmonotonically: at low levels for exposure Efs-E,, decreased with increasing oxygen exposure, reaching a minimum value of 0.7 eV at lo5 L (Torr xs) and then increased at higher exposure levels. For p-type GaAs, on the other hand, Efs-EUbm increased monotonically with increasing oxygen exposure. For both n-and p-type GaAs, the surface Fermi level was not constant even after an oxygen exposure of 1012 L.
The conditions to which GaAs surfaces are exposed during the manufacture of semiconductor devices are very different from these kinds of experimental conditions. The purpose of the present study is to investigate variations of the surface Fermi level of GaAs exposed to atmosphere.
The samples used in this study shown schematically in Fig. 1 were grown by molecular-beam epitaxy (MBE). Undoped semi-insulating GaAs substrates with a (100) axial orientation were used to grow sample structures for heterostructure insulated gate field effect transistors (FET). The Be-doped GaAs layers inserted between the Si-doped GaAs layers and the undoped GaAs buffer layers suppress the short-channel effect in FETs.* The holes in the Be-doped GaAs layers were fully depleted. GaAs was grown at 1 pm/h with a Ga-to-As, beam equivalent pressure ratio of 10. When growing AlesGaa-IAs layers, the Al cell shutter was opened while the Ga cell temperature and As cell temperature were kept constant. The undoped GaAs showed n-type conductivity. The growth temperature for all layers other than the low-temperature-grown GaAs (LT-GaAs) of samples B and C was measured by an optical pyrometer and was 530 "C. The growth temperature for the LT-GaAs,'-14 which was measured by a thermocouple behind the GaAs substrates was 300 "C. After growth, sample C was annealed at 530 "C for 10 min under an As4 beam. After the samples were removed from the MBE chamber, their sheet resistance was evaluated by a SONOGAGE 300 (Tencor Instruments).
A twodimensional device simulator15 was used to calculate the surface Fermi level from the sheet resistance. For this study, we defined the surface Fermi level as the Fermi level at the surface oxide/undoped GaAs interfaces or the LTGaAs/undoped GaAs interfaces. The electron mobility of 1100 cm2/V s, which was obtained by Hall measurements using a van der Pauw method for the samples, was used for the calculation. Figure 2 shows the time-dependence of sheet resistance for the samples in atmosphere. The time dependencies observed for samples A and C are similarly complex, showing four regions: region I, in which sheet resistance increases between 0 and 60 min; region II, in which sheet resistance decreases between 60 and 300 min; region III, in which sheet resistance again increases between 300 and 2000 min; and region IV, in which sheet resistance again decreases after 2000 min. For sample B, on the other hand, sheet resistance changes little with time.
The relationships between the sheet resistance and Ej,-Eubm are shown in Fig. 3 ing from 0 to 2 nm. The actual thickness of the surface oxide in our samples, measured by spectroscopic ellipsometry at the end of the period during which sheet resistance was monitored, was 1.2 nm for samples A and C and 1.4 nm for sample B. There are two possible causes for the sheet resistance increases shown in Fig. 2 : one is the increase of the surface-oxide thickness and the other is a drop of the surface Fermi level. In region I of sample A, the sheet resistance increases from 1750 to 2100 a/Cl. The increase of the surface-oxide thickness from 0 to 1.4 nm, can explain only 150 n/El of the sheet resistance increase. Regions II and IV show decreases in sheet resistance, and this is opposite the changes in sheet resistance that would be caused by the increasing thickness of the surface oxide. The time dependence changes in the sheet resistance of sample A must therefore be mainly attributed to variation of the surface Fermi level. We can see from Fig. 3 that the E,-s-Eubm value for sheet resistance (Qkq)
In conclusion, we have shown that there is a complex time dependence of the surface Fermi level of GaAs exposed to atmosphere: four regions are observed and the surface Fermi level varies between 0.3 and 0.7 eV above the valence band maximum. Comparison with LT-GaAs shows that the pinning of the surface Fermi level at 0.7 eV above the valence band maximum is caused by AsGa defects, and these results support the AUDM theory. ide thickness by spectroscopic ellipsometry.
sample A decreases to near 0.3 eV at the end of region I. Although Efs-Euubm increases in region II, in region III it decreases again to about 0.5 eV, and tlnally, in region IV, Efs-Eubm increases and becomes nearly constant at 0.7 eV. For sample B, on the other hand, EJs-Eubm is about 0.75 eV independent of the time in atmosphere. As-grown LTGaAs is known to contain arsenic antisite defects (AS& as many as 5 X lOi9 crnw3,16 and these defects have double donor properties with the energy levels being located at E,,,-0.75 eV (DO/D+) and Eubm+0.52 eV (D+/D++). Here Do, D', and Dff, respectively indicate-the ionic charge states of -A&, A&, and Asi: ." Sample C, which was annealed at 530 "C! for 10 min under an As4 beam, shows a time dependence of sheet resistance similar to that of sample A. It has been known that hightemperature annealing of LT-GaAs decreases AsGa concentration by more than one order of magnitude.'* The surface Fermi level seems to be pinned firmly at the energy level of Asoa, 0.75 eV above the valence band maximum, probably because of a high concentration of Asoa in this unannealed sample. The sheet resistance of sample B is therefore independent of surface oxidation. This inference is supported by the time dependence of sheet resistance for sample C, which has an AsGa concentration lower than that of sample B and for which the pinning of the surface Fermi level therefore becomes weak. As the result, the surface Fermi level is affected by surface oxidation. The sheet resistances of samples A and C at the end of the region IV become constant at about 1500 n/El, which corresponds to Efs-Eubm --0.7 eV. This value is close to that of sample B. The surface Fermi level of GaAs thus seems to be pinned by AsGa at the end of surface oxidation processes. According to the advanced unified defect model (AUDM)," the surface-pinning level of n-type GaAs is 0.75 eV above the valence band maximum and the origin of the pinning is Asoa This pinning model is consistent with our results, but mechanisms responsible for the time dependence of the sheet resistance of GaAs exposed to atmosphere are not yet clear.
